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METHOD FOR DETERMINING OPTICAL
CONSTANT OF ANTIREFLECTIVE LAYER,
AND METHOD FOR FORMING RESIST
PATTERN

CROSS REFERENCE TO RELATED
APPLICATION

This application claims benefit of priority under 35 USC
§119 to Japanese patent application No. 2001-275014, filed

on Sep. 11, 2001, the contents of which are incorporated by
reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a method for
determining an optical constant of a material suitable for an
antireflective layer which 1s used in the optical lithography
process 1n the fabrication of a semiconductor, and a method
for forming a resist pattern.

2. Description of the Prior Art

In accordance with the scale down of design rules for
semiconductor devices, 1t 1s required to shorten the wave-
length of a light source of an exposure system. In the 70 nm
design rule, an F, laser having a wavelength of 157 nm has
been considered as the light source, and exposure systems
and resists suitable for this light have been developed.

In the optical lithography process, if then resist thickness
varies by the coating method (usually, the spin coating) and
topography of the underlying substrate, the dimension of a
resist pattern or nominal dose varies by the thin film inter-
ference. In addition, if the resist 1s coated on the transparent
or substantially transparent and 1f the thickness of the
transparent layer varies by the topography of the layer just
below the transparent layer, or if the kind of the under layer
1s different from place to place, the dimension and nominal
dose vary by the thin film interference eifect. There 1is
naturally a limit to the improvement of the flatness of the
underlying substrate due to the coating uniformity of a resist
film, CMP and so forth. In order to cause a semiconductor
device to show an expected performance, 1t 1s required to
conflne the above described variation in dimension within a
predetermined range. This inversely defines an allowable
variation range of the resist thickness, or an allowable
variation range ol nominal dose which 1s calculated from it
by a lithography process margin.

If the contrast of optical 1mage decreases by the scale
down of the pattern, the allowable value of variation in
nominal dose also decreases. For that reason, the required
levels of the above described coating uniformity and the
flatness of the underlying substrate are increased.

According to studies separately carried out by the
inventors, even 1f an exposure system having a numerical
aperture NA=0.8 and an 1llumination coherency o=about
0.85, and a half-tone mask are used 1n order to form a pattern
in the 70 nm rule by means of a 157 nm light source, the
lithography process margin may be only about 8% exposure
latitude with 0.2 um DOF (depth of focus). On these optical
conditions, it 1s predicted that the variation in nominal dose
due to the variation in thickness of the resist must be 1% at
the maximum, probably 0.5% or less.

Since such materials as aromatic rings, carbon-carbon
bonds, carbonyl groups, which constitute a resist, have a
strong absorptivity with respect to light having a wavelength
of 157 nm, 1t 1s actually impossible to use these materials as
the materials of the resist for conventional light sources,
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such as I-line (365 nm light), a KrF laser (248 nm light) and
an ArF later (193 nm light).

The relationship between an absorption coefficient o', an
extinction coefficient K and a transmittance T 1s herein
shown. Assuming that the intensity of transmitted light 1s I
when light entering a material having an optical constant
n-1K at intensity I, passes through the material by a distance
X, the transmittance T is T=I/I,=10"*%, and an absorption

coellicient ¢' 1s expressed by the following expression.
. 4nrklog,(exp) (1)
& = b

That 1s, the transmittance 1S lower as the transmission
distance x 1s longer, as the extinction coefficient K (or
absorption coefficient a') 1s larger, and the wavelength A is
shorter.

In the 157 nm light source, the absorption of 366 nm light
and 248 nm light by resist films used for conventional light
sources 1s very high. For example, a typical resist which 1s
used for 248 nm light and which contains a poly-
hydroxystyrene derivative as a base resin has an extinction
coefficient k',,5,.,~0.01 um~" and an absorbance
', <022 um™', so that absorption is very small.
However, with respect to 157 nm light, the resist has very
strong absorptivity so as to have x',.. =02 um™ and an
absorbance o' ., <6.95 um>" .

A typical resist which 1s used for KrF light sources and
which contains a hydroxystyrene derivative as a base resin
has an absorption coefficient &'=0.22 ym™" at 248 nm, and
has a high transparency so as to have a transmittance of
73.8% even 1n the case of a resist thickness of 600 nm. On
the other hand, with respect to 157 nm light, o'=7-8 um™",
and the transmittance i1s only 20% even 1if the thickness of
the resist film 1s not more than 100 nm. For that reason, the
thickness 1s greatly reduced after development. The trans-
mittance exceeds 70% when the thickness of the resist film
1s 20 nm or less. on the other hand, the resist pattern also
serves as an etching mask for the underlying substrate. Since
the thickness of the layer to be processed (the underlying
substrate) hardly varies or increases by the scale down of the
pattern, the thickness of the resist pattern 1s preferably as
thicker as possible although the lowering of the lithography
process margin 1s limited to an allowable range. In the case
of a resist film having a thickness of about 20 nm, 1t 1s very
difficult to process an underlying substrate even if a hard
mask process 1s used.

Mainly for the above described reasons, a resist material
using a fluororesin or a fluorine containing siloxane, which
has a high transparency with respect to 157 nm light, as a
base resin has been developed. According to reports in
documents and societies, a resist film showing relatively
high resolution for 157 nm light has an extinction coeflicient
K' <, =0.04—0.1 and an absorbance o', .,=1.04-3.48 um™".
In order to 1improve the sensitivity of exposure so as to meet
the requirements of a high resolution due to the 1improve-
ment of dissolution contrast, the light irradiation resistance
of the optical system of the exposure tools and a low laser
intensity, it 1s required to increase the amounts of dissolution
inhibiting group units and PAG (photo acid generator). As a
result of the increase of the amounts of such structure or
materials, a resist having an absorption coefficient a'<l
um™" (k=~0.029) is reported to exist. However, since the
dissolution inhibiting group units and the PAG have high
absorption, even 1f the resist has a high resolution and a high
sensitivity, the absorption coeflicient thereof 1s about

a'=1.5-2 um™" (k=0.043-0.058), so that the transparency
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thereof 1s far lower than that used for conventional wave-
lengths. Although resist materials have been subsequently
developed, it 1s difficult to consider that i1t 1s possible to
obtain high resolution resist materials having a high absorp-
tivity with the same absorption coefficient ' as conventional
wavelengths.

In the optical lithography process, bottom antireflective
layers have been generally used. The object of the use of the
bottom antireflective layer 1s as follows. The thickness of the
resist on the underlying substrate has the variation in thick-
ness due to the inplane uniformity in the resist coating
method and the topography of the underlying substrate
produced by processing. And 1if the transparent layer
between substrate and resist (which will be hereinafter
referred to as a “transparent substrate™) exist, the thickness
or/and the kind of the substrate materials just below trans-
parent substrate has variation in each place. The object of the
use of the bottom anfireflective layer 1s to prevent the
variation 1n a desired resist pattern dimension or nominal
dose (which will be hereinafter simply referred to as an
“nominal dose”) and the irregularities of the side walls of the
resist pattern derived from standing waves due to the varia-
tion 1n thickness of the resist film and/or transparent sub-
strate and the like by the thin film interference effect. If it 1s
difficult to suppress the nominal dose only by an interference
type bottom antireflective layer, since the variation in thick-
ness of the transparent substrate 1s large and/or the substrate
materials just below transparent substrate are different every
place, 1t 1s effective to provide a shading film between the
underlying transparent substrate and the interference type
bottom antireflective layer as disclosed 1n Japanese Patent
Laid-Open No. 8-78322 and so forth.

In an 1deal reference reducing coating in the optical
lithography process, the side wall of the resist pattern does
not have irregularities due to the standing waves, and the
nominal dose does not vary due to the variation 1n thickness
of the resist and transparent substrate. The flatness of the
side wall of the pattern can be achieved if the reflectance of
the mterface between the resist film and the bottom antire-
flective layer 1s O when 1t 1s considered to 1nclude reflected
light from the interface 1n a lower layer.

However, 1t 1s 1impossible to cause the variation of the
nominal dose to be completely O since the resist film 1tself
has absorptivity and the 1nplane variation in thickness of the
resist can’t be 0. In fact, the allowable value of the variation
in nominal dose caused by the variation in thickness of the
resist and transparent substrate 1s determined by a stmulative
or experimental lithography process margin of desired pat-
tern. Since the optical image deteriorates to lower the
lithography process margin with the scale down of the
pattern, the range of allowable values of the variation in
nominal dose 1s narrowed, so that it 1s required to use a
bottom antireflective layer having an appropriate optical
constant and thickness.

If the resist film has a high transparency, 1.€., a very low
absorbance o, the nominal dose of a desired resist pattern
fluctuates due to the variation 1n thickness of the resist film,
but the variation of the center line or envelope 1s very small.
FIG. 22 shows the results of calculation of the variation 1n
nominal dose due to the thickness of a resist film
AR3produced by Siplay Company and formed on a poly-
silicon so as to have a thickness of 60 nm, and a resist film
when the reflection on the interface between the resist film
and the underlying substrate is O (i.e. optical constant of
resist and underlayer just below to resist 1s equal, and the
thickness of the under layer is thick enough), with respect to
248 nm light. When the transparency of the resist film 1s
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high, if the reflectance on the interface between the resist
film and the bottom antireflective layer 1s decreased and it
the nominal dose curve approaches a curve on which the
reflectance 1s O, the variation range of nominal dose due to
the variation in thickness of the resist film can be very small.
In fact, as described above, since 1t 1s impossible to cause the
reflection on the interface to be completely 0, 1t 1s desired to
use a thickness 1n a region 1in which the rate of change 1s
small on the nominal dose curve, 1.e., in the vicinity of the
extreme value, after decreasing the reflectance as lower as
possible. For example, when AR3 produced by Siplay
Company 1s formed on a polysilicon so as to have a
thickness of 60 nm, if 1t 1s assumed that the variation of
nominal dose AEop=1.5%, the variation of resist thickness
ATr=15.8 nm 1s allowable. In addition, 1if AEop=1.0%,
ATr=12.8 nm 1s allowable.

FIG. 23 shows an example of the variation of nominal
dose due to the variation of resist thickness 1n the case of 157
nm light. In this figure, “Resist” denotes a resist film, and
“BARC” denotes a bottom antireflective layer. This point 1s
the same as that 1n each of figures which will be described
later.

As shown 1n FIG. 23, in the case of 157 nm light, the
increase of the nominal dose due to the 1increase of the resist
thickness 1s remarkably larger than that in the example of
248 nm light shown 1n FIG. 22. For that reason, 1t 1s
impossible to inhibit the variation of nominal dose with
respect to the variation of resist thickness by half period or
more of vibration components. In the case of 157 nm light,
the period of vibration components 1s shorter than that of
248 nm light 1n accordance with the period of the standing
waves 1n the film, so that the variation 1n nominal dose 1s
casy to be great even if the amplitude of the vibration
components 1s the same.

Examples of calculating methods for optical constants and
thickness suitable for bottom antireflective layers are dis-
closed 1n Japanese Patent Nos. 2897691, 2897692, 2953348
and 2953349,

In the above described prior arts, optical constants of
appropriate bottom antiretlective layers are calculated with
respect to the same thickness of a plurality of resist films
with optical constants 1n the above described range of
calculation. Furthermore, the quantity of absorbed light 1n
the prior inventions 1s assoclated with the nominal dose 1n
the specification.

However, 1n these four prior arts, only the materials of the
bottom antireflective layers are different, and a method for
determining an optical constant and thickness suitable for
the bottom anfireflective layer 1s the same. Therefore,
although the above described prior arts are effective when
the transparency of the resist film 1s high like the conven-
tional wavelength, there 1s a problem 1n that 1t 1s not possible
to obtain an optical constant suitable for an bottom antire-
flective layer or 1t 1s difficult to automate calculation when
the transparency 1s low like the above described resist film
using 157 nm light.

That 1s, the thickness of the resist film inhibiting the
variation 1n nominal dose varies 1 accordance with the
optical constant of the bottom antireflective layer. In the
above described four prior arts, it 1s considered that it 1s
determined that optical constant of the antireflective layer 1s
suitable only when the range of the thickness of the resist
f1lm changed by calculation 1s sufficiently narrow. In order
to obtain an optical constant suitable for a bottom antire-
flective layer even if the transparency 1s low, 1t 1s required to
divide the optical constant of the bottom antireflective layer
into a large number of regions to change the thickness of the
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resist film utilized for calculation for every divided region.
However, the above described prior arts fail to disclose such
descriptions.

Thus, 1 a resist film having msufficient transparency, it 1s
required to provide i1dea different from conventional ides,
with respect to the determination of an optical constant of
the optimum bottom anftireflective layer.

BRIEF SUMMARY OF THE INVENTION

According to a first aspect of the present invention, there
1s provided a method for determining an optical constant of
an bottom antireflective layer formed between a resist film
and an underlying substrate 1n an optical lithography process
In a process for fabricating a semiconductor device, the
resist film having an absorption coefficient o' of 1.5 um™" to
3.0 um™" with respect to an exposure wavelength, a base of
the absorption coeflicient o' being 10, the method compris-
ing: expressing an nominal dose due to a variation in
thickness of the resist film by the sum of a monotonic
increase term and a damped oscillation term; and selecting
an optical constant of the bottom antireflective layer so that
a minimum value closing to a maximum point indicative of
a maximum value on a curve of a variation 1n the nominal
dose on a side that the thickness 1s larger than that at the
maximum point 1s substantially equal to the maximum
value, or so that no maximum point exist on the curve;
wherein, expressing an exposure wavelength by A and an
extinction coefficient of the resist film by K, the absorption

coellicient &' 1s a value having the following relationship
with the A and the k.

f drri

Q@ = e log,,(exp)

According to a second aspect of the present invention,
there 1s provided a method for forming a resist pattern for
use 1n an optical lithography process for forming an bottom
antireflective layer having an optical constant of n-1k and a
thickness d of 8.193/k [nm] on an underlying substrate for
fabrication of a semiconductor device, and for forming a
resist {ilm on the bottom antireflective layer, the method
comprising: using a light source which emaits rays of light
having a wave length of 157 nm, and a resist {ilm which has
an absorption coefficient o' of 1.5 um™" to 3.0 um™" with
respect to an exposure wavelength, a base of the absorption
coefficient a' being 10, and which contains a fluorine con-
taining resin or siloxane resin; wherein an optical constant
n-1K of the bottom antiretlective layer 1s included 1n a range
determined by being selected so that an nominal dose due to
a variation 1n thickness of the resist film 1s expressed by the
sum of a monotonic 1ncrease term and a damped oscillation
term and so that a minimum value closing to a maximum
point indicative of a maximum value on a curve of variation
in the nominal dose on a side that the thickness 1s larger than
that at the maximum point 1s substantially equal to the
maximum value, or so that no maximum point exist on the
curve, and expressing an exposure wavelength by A and an
extinction coefficient of the resist film by K, the absorption
coefficient o' 1s a value having the following relationship
with A and the K.

Ak
e log,,(exp)

o =

According to a third aspect of the present invention, there
1s provided a method for forming a resist pattern using an
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optical lithography process for forming an bottom antire-
flective layer having an optical constant of n-1x and a
thickness d of 8.193/k [nm] on an underlying substrate for
a semiconductor device to be fabricated and for forming a
resist {ilm on the bottom antireflective layer, the method
comprising: using a light source emitting rays of light
having a wavelength of 157 nm, and a resist film containing
a fluorine containing resin or siloxane resin; and selecting an
intensity reflectance Ron the interface between the resist
f1lm and the antireflective layer so as to meet the following
expression, assuming that an optical constant of the resist
film 1s n'-1K'.

2.06+17677x(K')> > ZR=Z0.01+14059% (')’

According to a fourth aspect of the present invention,
there 1s provided a method for forming a resist pattern used
in an optical lithography process for forming an bottom
antiretlective layer having an optical constant of n-1€ and a
thickness d of 8.193/k [nm] on an underlying substrate for
a semiconductor device to be fabricated, and for forming a
resist film on the bottom antireflective layer, the method
comprising: using a light source emitting rays of light
having a wavelength of 157 nm, and a resist film containing
a fluorine containing resin or siloxane resin; and selecting an
intensity reflectance R on the interface between the resist
f1lm and the antireflective layer so as to meet the following

expression assuming that an optical constant of the resist
film 1s n'-1K".

0.56+13042x(k")**ZR=0.07+16833x (k')***

BRIEF DESCRIPITION OF THE DRAWINGS

FIG. 1 1s a graph showing the relationship between the
variation of resist thickness and the variation of nominal
dose when an bottom antireflective layer having an optical
constant determined by a first embodiment of the present
mvention 1S used;

FIG. 2 is a graph showing that a nominal dose Eop(Tr)
with respect to the resist thickness can be approximated by
expression (4);

FIG. 3 1s a schematic diagram showing the structure of a

bottom anfireflective layer and a resist film formed thereon,
as a premise of calculation of a nominal dose;

FI1G. 4 1s a graph for explaining a method for acquiring the
variation of the resist thickness ATr which 1s wider 1n the
vicinity of the maximum point;

FIG. 5 1s a graph for explaining a method for acquiring the

variation of the resist thickness ATr which 1s wider 1n the
vicinity of the point of inflection;

FIG. 6 1s a graph showing a distribution of the variation
of resist thickness Alr which gives a variation range of
allowable nominal dose AEop=1% 1n a first example accord-
ing to the present invention;

FIG. 7 1s a graph showing a distribution of the variation
of the resist thickness ATr which gives an allowable varia-
tion range of nominal dose AEop=1% 1n a second example
according to the present 1nvention;

FIG. 8 1s a graph showing the results of calculation of a
reflectance R on the interface between a resist film and a

bottom antireflective layer 1n the second example according
to the present 1nvention;

FIG. 9 1s a graph showing a distribution of the variation
of the resist thickness ATr which gives a variation range of
allowable nominal dose AEop=1% 1n a second comparative
example 1n the second embodiment of the present invention;
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FIG. 10 1s a graph showing a distribution of the variation
of the resist thickness ATr which gives a variation range of
allowable nominal dose AEop=1% 1 a third example
according to the present invention;

FIG. 11 1s a graph showing the results of calculation of a
mean 1ntensity reflectance R on the interface between a
resist film and a bottom anfireflective layer in the third
example according to the present invention;

FIG. 12 1s a graph showing a distribution of the variation
of the resist thickness ATr which gives a variation range of
allowable nominal dose AEop=1% 1n a fourth example
according to the present invention;

FIG. 13 1s a graph showing the results of calculation of a
mean 1ntensity reflectance R on the interface between a
resist film and a bottom antireflective layer in the fourth
example according to the present invention;

FIG. 14 1s a graph showing a correlation between a range,
in which a variation range of resist thickness ATr=10 nm 1n
a variation range of allowable nominal dose AEop=1%, and
a reflectance R on the interface between the resist film and
an bottom anfireflective layer 1n the third embodiment of the
present 1nvention;

FIG. 15 1s a schematic diagram for explaining the defi-
nition of a pattern side-wall angle 0 of a resist pattern 1n the
third embodiment of the present mnvention;

FIG. 16 1s a graph showing an example where a side-wall
angle 0 varies 1n accordance with the variation in thickness
Tt of a resist film;

FIG. 17 1s a graph showing the variation 1n side-wall O
due to an optical constant of an bottom antireflective layer
when the complex index of refraction of a resist 1is

1.74-0.061;

FIG. 18 1s a graph showing the variation 1n side-wall O
due to an optical constant of an bottom antireflective layer

when the complex index of refraction of a resist 1is
1.74-0.0451;

FIG. 19 1s a graph showing the variation 1n side-wall O
due to an optical constant of an bottom antireflective layer
when the complex index of refraction of a resist 1is

1.74-0.031;

FIG. 20 1s a graph showing the relationship between the
magnitude of ATr based on the maximum point and the
magnitude of ATr based on the point of inflection, with
respect to dependence of the bottom antireflective layer
shown 1n FIG. 7 on the optical constant;

FIG. 21 1s a graph showing a correlation between a range,
in which a variation range of resist thickness ATr=215 nm 1n
AEop=1%, and a reflectance R on the interface between the
resist film and an bottom antireflective layer, when the
extinction coefficient k' of the resist film having an optical
constant 1.74-1' 1s changed;

FIG. 22 1s a graph showing the results of calculation of the
variation of nominal dose AEop due to the resist thickness
when the reflection on the interface between the resist film
and an underlying substrate 1s 0, 1n the prior art; and

FIG. 23 1s a graph showing an example of the variation in
nominal dose due to the variation of resist thickness when

the resist film having a low transparency 1s exposed to 157
nm light, 1n the prior art.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the accompanying drawings, some
embodiments of the present invention, together with their

10

15

20

25

30

35

40

45

50

55

60

65

3

examples, will be described below. In each of the following
embodiments, a shading type bottom antireflective layer 1s
used as a bottom antireflective layer.

(1) First Embodiment

FIG. 1 shows the varnation of nominal dose due to the
variation of resist thickness on the antireflective layer having
an optical constant suitable for a bottom antireflective layer
by a determining method 1n this embodiment. According to
this embodiment, 1t 1s possible to suppress the variation of
nominal dose only around a point of inflection at which a
tertiary derived function is positive (around a point of
inflection existing between both poles 1f the maximum and
minimum points exist), on an nominal dose curve capable of
being described by the sum of a monotonic increase term
and a damped oscillation term.

An electric field E at an optional point 1n a resist film due
to the variation of the resist thickness can be mathematically
described. Since an expression considering an optical sys-
tem of an exposure system 1s very complicated, a case where
(1) a vertical incidence occurs and (2) a bottom antireflective
layer 1s sufficiently thick (the reflection on the interface
between a bottom anftireflective layer and an underlying
substrate can be ignored) will be described for simple
description.

_ Ar 2r (2)
{1 + FSEXP[—E—H z]} XEKp{—E—H (Tr — z)}
A A
E(Tr, z) = gy
1 — FgF % exp(—ﬁi—ﬁ" Tr]

A
_ _ﬁ"—ﬁ » _ﬁ"—(l.O—E’U.O)
ST AR T WA(1.0-i0.0)

In the above expression, the optical constant of the resist
1s n'=n'-1K', the optical constant of the underlying substrate

is n=n-ik, and r. denotes an amplitude reflectance on the
interface between a resist film and an bottom antireflective

layer, 1" denoting an amplitude reflectance on the interface
between the resist film and air (atmosphere in exposure
system), Tr denoting the thickness of the resist film, and z
denoting a distance from the interface of the bottom antire-
flective layer in the resist film.

A quantity of absorbed light I (Tr, z) in the resist film is
a real part of square of E (It, z).

K(T5z)=Re|E(Tz)] (3)

[t 1s assumed that the inverse number of I (Tr, z) at a
noticed position z for the measurement of dimension 1s a
nominal dose Eop(Tr).

This nominal dose Eop(Tr) is generally an oscillation
function, and shows a tendency to 1increase when the extinc-
tion coethicient K' of the resist film 1s not 0. At this time, the
expression can be simplified to be described as follows.

. (2n (4)
Fop(Tr) = AXexp(BXTr)+ CXexp(—DXTr)X sm(F (1r — E)]]

However, among variables A through F, A and C are real
numbers of more than 0, and B and D through F are positive
numbers.

Thus, the nominal dose Eop(Tr) with respect to the resist
thickness can be precisely approximated as shown in FIG. 2
by the expression (4) comprising a monotonic increase term
and a damped oscillation term with respect to the thickness.

In the expression (4), if the extinction coefficient of the
bottom antireflective layer 1s changed, 1.e., 1 the reflectance
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on the interface between the resist film and the bottom
antiretlective layer 1s changed, the amplitude of the vibration
component varies. If the slope at the point of inflection
between the maximum and minimum points of the damped
oscillation term cancels the slope of the monotonic increase
term, the variation of nominal dose with respect to the
thickness of the film becomes O 1n the vicinity of the point
of inflection of the damped oscillation term as shown 1n FIG.
1. The period of the damped oscillation term 1s originated
from the thin film interference effect 1n the resist film. If the
difference between the maximum and minimum values 1s O
or an allowable variation of light exposure or less with
respect to the point of mflection between the maximum and
minimum points of the nominal dose, the variation of resist
thickness between the maximum and minimum points 1s at
least allowable. At a result, 1t 1s possible to obtamn an
allowable range of the resist thickness, which 1s equal to or
wider than that of 248 nm light. Thus, 1t 1s possible to greatly
suppress the deterioration of performance of a semiconduc-
tor device due to the instability of process including the
topography of the underlying substrate and the variation of
thickness caused by the resist coating.

The thickness of the resist film 1n the vicinity of the point
of inflection suppressing the variation in nominal dose varies
in accordance with the optical constant of the bottom
antiretlective layer. For example, as two examples shown by
solid and broken lines 1n FIG. 1, the thickness of the resist
film 1n the vicinity of the point of inflection, at which the
variation 1n nominal dose 1s suppressed, varies 1n depen-
dence upon difference 1n optical constants of the two anti-
reflective layers. In the above described prior art, 1t can be
determined that only one example of the two examples 1n
FIG. 1 1s suitable for an anfireflective layer only when the
range of thickness of the resist film varied by calculation 1s
sufliciently narrow. In order for the prior invention to obtain
the same elfects as those 1n this embodiment, 1t 1s required
to divide the optical constant of the bottom antireflective
layer 1nto a plurality of regions to change the thickness of the
resist film which 1s used for calculation for every divided
region. However, the above described prior art fails to
disclose such descriptions.

Thus, according to this embodiment, 1t i1s possible to
determine an optical constant of an bottom antireflective
layer suitable for 157 nm light with respect to the inhibition
of the variation 1n thickness even 1n the case of a resist film
having a low transparency, although 1t 1s difficult for the
above described prior art to carry out such determination.

Since 1t 1s possible to obtain an allowable range of
thickness of a resist film, which 1s the same as or wider than
that of 248 nm light, with respect to 157 nm light by using
an bottom antireflective layer having an optical constant
obtained 1n the above described embodiment, 1t 1s possible
to greatly suppress the deterioration of performance of a
semiconductor device due to the 1nstability of process, such
as the topography of the underlying substrate or the variation
of resist thickness as coating, by forming a resist pattern
using such an bottom antireflective layer.

In the above described method for determining the optical
constant of the bottom anftireflective layer, it has been
described that the thickness of the bottom antireflective layer
1s sufficiently thick to such an extent that it 1s possible to
ignore the reflection on the interface between the bottom
antireflective layer and the underlying substrate, and specific
numerical values will be described below.

The bottom antireflective layer can be generally divided
into two kinds of thin film interference and shading types on
the basis of the reflection reducing function thereof. Most of
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organic antireflective layers used for 248 nm light and so
forth are thin film interference type layers. As the summary
thereof, the amplitude of the standing waves 1n the resist film
1s suppressed by the phase difference between incident light,
reflected light on the interface between the resist film and the
bottom antireflective layer, and reflected light on the inter-
face between the bottom antireflective layer and the under-
lying substrate. Since the reflected light on the interface
between the bottom antireflective layer and the underlying
substrate concerns, the suppression of the thin film interfer-
ence elfect 1s insuflicient when the material of the uppermost
layer of the underlying substrate i1s different, when the
uppermost layer 1s transparent and the thickness thereof 1s
different 1n plane, or when the thickness of the bottom
antiretlective layer varies due to topography of the under-
lying substrate.

On the other hand, 1n the case of the shading type bottom
antireflective layer, a bottom anfireflective layer having such
a thickness that the bottom antireflective layer itself has a
suflicient absorbing power 1s used for damping reflected
light from the interface between the bottom antireflective
layer and the underlying substrate to substantially zero.
Thus, the thin film interference effect 1n the thickness of the
resist film only depends on i1llumination conditions, optical
constants of the resist film and bottom antireflective layer,
and the resist thickness.

As a standard that the bottom antireflective layer has a
suflicient absorbing power, the intensity of light which 1s
reflected on the interface between the bottom antireflective
layer and the underlying substrate and which 1s incident on
the resist film again 1s suflicient to be different by two digits
from the intensity of reflected light on the interface between
the resist film and the bottom antireflective layer. The
reflected light on the interface between the bottom antire-
flective layer and the underlying substrate passes through the
bottom anfireflective layer having a thickness of d twice. In
addition, as will be described later, according to the present
imvention, the reflectance on the interface between the resist
film and the bottom antireflective layer 1s preferably about
10% or less. If the amplitude transmittance and amplitude
reflectance on each interface 1s approximated to 1, the
following relationship 1s established with respect to an
absorbance o.'.

0.1x1072=10"2 (5)

Assuming that the extinction coetficient of the bottom

antiretlective layer 1s Kk with respect to the exposure wave-
length A=157 nm, the required thickness d of the bottom
antiretlective layer 1s obtained by the following expression.

. 3Alog;,(exp) N 8.193 (6)

87K K

EXAMPLE 1

An nominal dose of 70 nm L/S was calculated on optical
conditions that wavelength A=157 nm, numerical aperture
NA=0.80, illumination coherency 0=0.85, shielding rate
€=0.67, and transmittance of half-tone mask t=6%. The
optical constant of the resist film was set to be 1.7-0.061.

It was assumed that the bottom anfireflective layer has a
thickness sufficient for 1gnoring the thickness and kind of the
underlying substrate, 1.e., reflected light on the interface
between the bottom antireflective layer and the underlying
substrate can be i1gnored. In order to shorten calculation
time, the structure of the bottom antireflective layer was
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approximated to the structure of the resist on the bottom
antiretlective layer having an infinite thickness as shown 1n
FIG. 3. From the space image on the above described optical
conditions, an electric field distribution E (Tr, X, z) in a resist
film having a thickness of Tr was calculated. The (x, z)
represents a notice position in the resist film. The real part
Re (E (Tr, x, z)*) of square of the intensity of the electric
field is the quantity of absorbed light I (x, z) in the stan-
dardized resist film at the noticed position. It was assumed
that the inverse number of the quantity of absorbed light 1s
a standardized nominal dose Eop.

Eop(Tr)=1/I(Trx,2)=1/Re(E(Tx,2)°) (3"

In this case, the nominal dose Eop having a line width of
70 nm at a height z=10 nm from the bottom antireflective
layer was obtained. The same procedure was carried out at
intervals of 2.5 nm from the thickness of the resist film
Tr=50 nm to 200 nm, so that a curve Eop(Ir) of an nominal
dose depending on the thickness of the resist film at an
optical constant n-1k was obtained.

With respect to the nominal dose variation curve Eop(Tr)
of expression (3'), variables A, B, C, D, E and F of
expression (4) were determinedly the parameter fitting. With
respect to the above described nominal dose variation curve
on which the parameters have been determined, the variation
range (ATr) of the resist thickness wherein the variation
range AEop of the Eop was 1% was calculated. The vibration
period F of the nominal dose Eop(Ir) is a value approxi-
mating to the period 157/(2x1.74)=45.1 nm of the standing
waves 1n the resist film.

When both of the optical constants of the resist and
bottom antireflective layer are 1.74—0.061 (the reflection on
the interface between the resist film and bottom anftireflec-
tive layer is 0), the thickness of the resist film decreases on
the above described optical conditions when the thickness of
the resist film 1s 100 nm or more.

It was assumed that the thickness of the resist film serving,
as a standard of AEop was the maximum point (dEop/dTr=0,
d*(Eop)/(dTr)*<0) which is nearest to 100 nm, or the point
of inflection (d*(Eop)/(dTr)*=0, d°(Eop)/(dTr)’°>0) between
the maximum and minimum values. The values of A'Tr at the
maximum point and at the point of inflection were obtained,
and a larger value was adopted. In the vicinity of the
maximum point, a range of (100%—0.5%)/(100%+0.5%)x
100% was obtamed with respect to the maximum value of
the nominal dose Eop as shown 1n FIG. 4. In the vicinity of
the point of inflection, a difference 1n thickness of the resist
film between 99.5% and 100.5% closing to the point of
inflection 1s obtained as shown 1n FIG. 5. As can be clearly
seen from expression (4), the above described maximum
point does not exist 1n the case of a certain optical constant
of the bottom antireflective layer such as a case where the
optical constant of the bottom antireflective layer shown 1n
FIG. 23 1s 1.74-0.21. In such a case, only A'lr 1n the vicinity
of the point of inflection was calculated.

The same procedure was carried out by changing the
optical constant of the bottom antireflective layer. From the
result, an optical constant having large A'lr suitable for the
bottom antireflective layer was selected.

Regarding the optical constant of the bottom antireflective
layer and with respect to a range of a refractive index
n=0.025-1.9 and an extinction coeflicient k=0.25-0.80, cal-
culation was carried out at intervals of 0.025 of n and k. The
results of this calculation are shown 1 FIG. 6 wherein the
abscissa axis denotes a refractive index n of the bottom
antireflective layer, and the ordinate axis denotes an extinc-
tion coeflicient K. As shown 1n this figure, the thickness Alr
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of the resist film giving a 1% variation range of the nominal
dose shows a concentric circular distribution, and a large
thickness of 15 nm or more can be obtained in an appropriate
region. Furthermore, a line formed by connecting values at
which the thickness of the film of 20 nm or more 1s obtained
in the figure (which will be simply hereinafter referred to as
a contour line) 1s interrupted by a plurality of peaks. This is
caused by the calculation carried out with respect to the
optical constant of the bottom antireflective layer at regular
intervals, and the approximation of a graph preparing soft-
ware. If the above described density of calculation of the
optical constant 1s 1ncreased, a smooth distribution can be
obtained.

While calculation has been carried out by the nominal
dose (the inverse number of the quantity of absorbed light)
in the resist film 1n this embodiment, calculation may be
carried out by the quantity of absorbed light. In that case, the
pattern fitting can be carried out in the form of expression
(4), but B 1s a negative number.

(2) Second Embodiment

It 1s not realistic that the optical constant described 1n the
first embodiment 1s determined by experiments while chang-
ing the kind of the antireflective layer, and 1t 1s effective that
the optical constant 1s determined by calculation.

In order to calculate the nominal dose of the resist pattern,
it 1s required to calculate the shape of the resist pattern. Even
if the calculation of the shape of the resist pattern 1is
relatively simple, 1t 1s required to carry out @ a step of
calculating a spatial image of a desired pattern, @ a step of
calculating the intensity of an electric field 1n a resist film,
@a step of calculating the concentration of an acid pro-
duced by an optical acid producing agent, @ a step of
calculating the diffusion of the acid and the elimination
reaction of a solution inhibiting group, and @ a step of
calculating development according to the solution inhibiting
group.

The calculation time required to carry out the calculation
steps @ and @ of these steps increases as precision 1s
improved. At the calculation steps @ through @ , 1t 1S
required to use parameters indicative of characteristics of the
resist, such as acid producing efficiency (@), the diffusion/
de-protection reaction at PEB step (@) and the developing,
step (@) However, 1n order to calculate the nominal dose
due to the optical constant of the bottom antireflective layer,
the 1nfluence of the optical constant and thickness of the
resist and bottom anfireflective layer 1s greatest.

From this standpoint, the intensity of an electric field (the
intensity of a first electric field) in the resist film may be used
as an 1nitial value for calculating diffusion, and the intensity
of an electric field (the intensity of a second electric field)
orving a desired pattern dimension may be derived from the
result of calculation of diffusion to be adopted as a threshold.
This threshold varies in accordance with the thickness of the
resist film and the optical constant of the bottom antiretlec-
tive layer. The mverse number of the threshold corresponds
to a threshold of light exposure.

Therefore, the calculation of the intensity of the electric
field in the resist film ((1),(2)) corresponds to such an
approximation that the amount of produced acid 1s 1n
proportion to the intensity of the electric field (@), the
diffusion constant of the acid 1s constant and the elimination
of the solution mhibiting group 1s 1n proportion to the final
density of the acid ((4)) and the dissolution contrast is
infinite and the dissolution speed of the fine light exposure
is O.

According to this embodiment, it 1s possible to shorten the
calculation time by using such an approximation.
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EXAMPLE 2

Although the optical conditions (A157 nm, numerical
aperture NA=0.80, 1llumination coherency 0=0.85, shield-
ing rate €=0.67, transmittance of half-tone mask t=6%, 70
nm L/S) and the optical constant of the resist film (1.7-0.061)
were the same as those 1n Example 1, a part of the method
was changed for calculating the optimum optical constant of
the bottom antireflective layer.

The quantity of absorbed light in Example 1 was used as
an 1nitial value for carrying out a diffusion calculation by the
Fick law. At this time, 1t was considered that the diffusion
constant D [nm2/sec| was constant, and 1t was assumed that
the mean diffusion length L=(2Dt)"*=40x(2)"*[nm] at the
PEB time. In the distribution of the quantity of absorbed
light after diffusion, the inverse number of the quanfity of
absorbed light having a line dimension of 70 nm at z=10 was
regarded as the nominal dose. Because 1t 1s considered that
the acid producing efficiency from the PAG is in proportion
to the quantity of absorbed light in the resist film and that the
de-protection rate corresponds to the final quantity of the
acid after diffusion.

A contour line 1n the resist film due to the quantity of
absorbed light having the line dimension of 70 nm 1s
acquired, and this 1s regarded as the shape of the cross
section of the resist pattern. The thickness It of the resist
was compared with the maximum thickness of the resist
pattern.

The maximum and inflection points of the curve of the
nominal dose Eop(Tr) in Example 1 were selected in a range
where the thickness Tr of the resist film was 50 nm or more
and where the maximum thickness of the resist pattern was
equal to or smaller than the resist thickness Tr, 1.e., the
thickness of the resist pattern does not decrease form the
thickness as coated.

As the optical constants of the bottom antireflective layer,
a refractive index of 1.30-2.50 and an extinction coefficient
of 0.25-0.80 were selected. With respect to these ranges,
both of the refractive index and extinction coefficient were
calculated at intervals of 0.25.

The variation of A'Tr at AEop=1% on the above described
conditions 1s shown 1n the graph of FIG. 7. In this figure, the
contour lines of ATr in a region of n=21.9 and k=0.2 of the
concentrically distributed contour lines of A'Tr are bent so as
to enter a circle. It 1s considered that this 1s caused by
selecting the maximum point or the inflection point on the
side of the thin film by one period with respect to the
AEop('It) in the above described region by changing the
phase of the electric field i1n the resist film by the optical
constant of the bottom antireflective layer and by changing
the thickness of the resist film which does not greatly
decrease.

The results of calculation of a reflectance R on the
interface between the resist film and the bottom antireflec-
five layer in the above described optical conditions and
structure of the film are shown 1n FIG. 8§.

From the overlapping region of FIG. 7 with FIG. 8, 1t can
be seen that the optical constants of the optimum bottom
antireflective layer having ATr=15 nm are arranged 1n a
region between mner R, =1.3-1.9% and outer R_ =
2.1-2.7% 1t 1t 1s considered that the optical constant
1.74-0.061 of the resist film 1s a standard of the concentric
circle 1 the concentric distribution of the reflectance R. It
can also be seen that a desired optical constant of the bottom
antireflective layer giving desired ATr=210 nm 1s arranged 1n

a region between mnner R, =0.9-1.2% and outer R __. =
3.6-4.4%.
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In order to shorten the calculation time 1 the prediction
of the shape of the resist pattern in this embodiment, the
diffusion calculation of the distribution of the intensity of the
clectric field was carried out by the difference calculus. In
place of the difference equation, 1t may be carried out by
another calculation technique, such as Gauss convolution
integral of an electric field intensity distribution, which
means the diffusion of an acid. In order to more precisely
predict the shape of a chemical amplitude type resist, the
diffusion and reaction of an acid and a base and the reaction
of an acid with a solution 1nhibiting group may be consid-
ered for carrying out calculation although this does not have
the merit of shortening the calculation time.

Comparative Example 1
In the Case of KrF Light

Using the same method as that in Example 2, calculation
was carried out in a case where KrF light(A=248 nm),
numerical aperture NA=0.68, 1llumination coherency
0=0.75, shiclding rate €=0.67, transmittance of half-tone
mask t=6%, and 130 nmL/S.

The construction of the film was carried out on the
following conditions. That 1s, the optical constant of the
resist film 1s 1.76-0.011 (absorption coefficient «'=4
ntx0.01xlog,,(exp)/(2x1.76)=0.22 um™"), and the optical
coellicient of the bottom antireflective layer 1s 1.48-0.511
(the measured value of AR3 produced by Siplay Company),
the thickness being 60 nm, the underlying substrate being
made of poly-Si(optical constant 1.60—3.611). On these
conditions, the reflectance on the interface between the resist
film and the bottom antireflective layer (AR3 film) is 0.4%,
and excellent reflection reducing effects are provided.

According to studies separately carried out by the
inventors, the allowable variation range AEop of the nomi-
nal dose due to the variation in thickness of the resist film on
the above described optical conditions 1s 1.5%. The varia-
tion range A'Tr of the thickness of the resist film at AEop=
1.5% was obtained.

With respect to the optical constant of the above described
resiit film, the same calculation was simultaneously carried
out when the reflection on the interface between the resist
f1lm and the bottom antireflective layer 1s 0 At this time, the
thickness of the resist film serving as a standard for the
calculation of the variation range AEop of the allowable
nominal dose was set to be 345 nm which was the maximum
point of the nominal dose at 60 nm of the AR3 film.

At 60 nm of the AR3 film, the variation range of the
thickness of the resist film was ATr=15.8 nm 1n the variation
range of the allowable nominal dose AEop=1.5%. If the
reflection 1s 0, the variation range of the resist thickness
ATr=28 nm, which teaches that the reflectance preferably
approaches zero 1f the transparency of the resist film 1s very
high.

If the variation range of the allowable nominal dose
AEop=1%, the variation range of the resist thickness 1is
ATr=12.8 nm on AR3, and 1if the reflectance 1s zero, the
variation range of the resist thickness 1s ATr=19.0 nm. If the
variation range of the allowable nominal dose AEop 1s
narrowed, the allowable variation range of the resist thick-
ness A'lr also decreased.

Comparative Example 2
In the Case of 157 nm Light
Using the same optical conditions and {ilm construction as
those 1n Example 2, 1n a plurality cases where the refractive
indexes of the resist film were commonly n'=1.74 and the
extinction coeflicients k' were different, the variation range
of the thickness of the resist film ATr 1n the variation range
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of the allowable nominal dose AEop=1% was obtained when
the reflection on the 1nterface between the resist film and the
bottom antireflective layer was 0. The results of calculation
are shown 1n the graph of FIG. 9. As shown 1n FIG. 9, on the
side where the thickness of the resist film more greatly
increases than that on the thickness decreasing interface, the
thickness of the resist pattern decreases. The method for
calculating the presence of the decrease of the thickness is
identical as the method described in Example 2.

The variation range of the resist A'Tr in the variation range
of the allowable nominal dose AEop=1% decreases as the
extinction coefficient k' of the resist film increases. If the
extinction coeflicient k' 1s equal to or more than 0.03, ATr 1n
AEop=1% 1s only 2 to 1 nm.

Unlike the case of KrF light where the resist film has a
high transparency and which 1s described in Comparative
Example 1, if the reflection on the interface between the
resist 1ilm and the bottom antireflective layer 1s set to be O,
ATr 1s far smaller than that in the method described in
Example 1. Thus, if the transparency of the resist film 1s low,
it can be seen that 1t 1s not advantageous that the reflection
on the interface 1s set to be 0.

EXAMPLE 3

The same calculation as that in Example 2 was carried out

when the complex index of refraction of the resist film was
1.74-0.0451.

The distribution of the variation range of the resist thick-
ness ATr 1n the variation range of the allowable nominal
dose AEop=1% 1s shown in FIG. 10, and the mean intensity
reflectance R on the interface between the resist film and the
bottom antireflective layer 1s shown 1n FIG. 11.

Similar to Example 2, from the overlapping region of
FIG. 10 with FIG. 11, it can be seen that the optical constants
of the optimum bottom antireflective layer having the varia-
fion range of the resist thickness ATr=215 nm are arranged
in a region between mner R, =0.55-0.7% and outer
R_,...=1-1.5% 1if 1t 1s considered that the optical constant
1.74-0.0451 of the resist film 1s a standard of the concentric
circle 1n the concentric distribution of the reflectance R. It
can also be seen that a desired optical constant of the bottom
antiretlective layer having a preferable variation range of the

resist thickness ATr=10 nm 1s arranged 1n a region between
mner R, =0.4-0.45% and outer R_ . =2.5-2.8%.

LFLFLEF QHICF

EXAMPLE 4

The same calculation as that in Example 2 was carried out

when the complex 1index of refraction of the resist film was
1.74-0.031.

The variation range of resist thickness A'lr 1n the variable
range of the allowable nominal dose AEop=1% 1s shown 1n
FIG. 12, and the mean intensity reflectance on the interface
between the resist film and the bottom antireflective layer 1s

shown 1n FIG. 13.

From the overlapping region of FIG. 12 with FIG. 13, 1t
can be seen that the optical constants of the optimum bottom
antiretlective layer having the variation range of the resist
thickness ATr=15 nm are arranged 1n a region between

mnner R, _ =0.2% and outer R_ . =0.75-0.9% 1f 1t 1s con-
sidered that the optical constant 1.74—0.031 of the resist film
1s a standard of the concentric circle 1n the concentric
distribution of the reflectance R. It can also be seen that a
desired optical constant of the bottom anftireflective layer
having a preferable variation range of the resist thickness

ATr=10 nm 1s arranged 1n a region between inner R, =
0.12-0.14% and outer R_ _ =2.1-2.5%.

QUHIEY
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(3) Third Embodiment

By using the results 1in the above described Examples 2
through 4, 1t 1s possible to obtain a correlation between the
range of the variation range of the resist thickness ATr=10
nm 1n the variation range of the allowable nominal dose
AEop=1% and the reflectance R on the interface between the
resist film and the bottom antireflective layer, when the
optical constant of the resist film 1s n'-1K" and the extinction
K' 1s changed. The results of the calculation are shown in
FIG. 14.

It can be seen from FIG. 14 that there 1s the following
correlation between the above described interface intensity
reflectance R and the extinction k' (optical constant n'-1 K')
of the resist film.

2.06+17677x(K")> > ZR=0.01+14059% (K')*>’

(4) Fourth Embodiment

When a material having a strong absorbance is used for
forming a resist film, 1f 1t 1s a positive resist, a formed line
pattern has a strong tapered shape.

Since the resist film 1s an etching mask for an underlying,
film, 1t 1s desired from the processing precision and the
management of dimension that the side wall of the resist
pattern 1s perpendicular to the surface of the underlying film
as far as possible while having the tapered cross section.

In actual resist materials, 1t 15 possible to change the angle
of the side wall of the pattern to a certain extent from the
optical resist shape calculated from the intensity of the
clectric field and the quantity of absorbed light, 1n accor-
dance with the dependence of the concentration of additives,
1.e., PAG, acid-quencher and materials having the solution
suppressing elfect, 1n the direction of the thickness.
However, as the optically determined shape of the resist
approaches a desired shape, the adjustment of the shape due
to the composition 1s easy, and the options of methods are
increased, so that it 1s possible to obtain a resist film having
a desired rectangular cross section without deteriorating
other important characteristics, such as exposure margin and
resolution. The angle of the side wall of the resist pattern 1s
a selection criterion for determining a desired bottom anti-
reflective layer since 1t shows a different distribution from
the 1ntensity reflectance.

From the standpoint of the difference 1 conversion of
processing due to the density of the pattern, which was
separately carried out by the inventors, there were obtained
the results that the desirable angle of the wide wall of the
pattern lay in the range from 80° to 90° in a positive resist.

On the other hand, 1n a resist for the same wavelength,
which was exposed to KrF (248 nm) light, there was a resist
obtaining the results of experiments that the angle of the side
wall was 89.5° which was predicted to be 85° by the same
illumination conditions and film stack as Comparative
Example 1. On the analogy of this result, it 1s considered that
the side wall angle of about 5° can be adjusted by the
composition of the resist.

In view of the foregoing, if the result of calculation of the
side wall of the resist pattern is in the range from 75° to 95°,
it 1s considered that 1t 1s possible to obtain a desired pattern
side wall angle of 80° to 90° on the processing by adjusting
the composition of the resist.

EXAMPLE 6

In the shape of the resist pattern based on the resist film
in Example 2, the pattern side wall angle 0 was defined from
positions of heights 0 nm and 30 nm from the interface
between the resist film and the bottom antireflective layer as

shown in FIG. 185.
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An example where the side wall angle 0 varies 1n accor-
dance with the variation in resist thickness Tr 1s shown 1n
FIG. 16. When the resist thickness 1s about 70 nm or more,
the side wall angle 0 hardly varies. It was assumed that a side
wall angle 1n the thickness described in Example 2, wherein
the thickness of the resist pattern did not decrease, was a side
wall angle 1n the optical constant of the bottom antireflective
layer based on the calculation.

The variation in side wall angle 0 due to the optical
constant of the bottom anftireflective layer 1s shown in FIG.
17. As described above, a desired range of pattern side wall
angle 0 on the processing is in the range of 75°=0=95°,

As can be seen from the comparison of FIG. 7 with FIG.
17, the ranges of optical constants n and K giving 75°=0 in
FIG. 17 are substantially coincident with the variation range
of the thickness of the resist film ATr=10 nm shown in FIG.

7 1n Example 2.

As described above, according to this embodiment, it 1s
possible to shorten the calculation time, and it 1s possible to
obtain the substantially rectangular shape of the resist by
changing the above described composition of the resist, 1n
addition to the effect that the allowable variation range of the
resist thickness which 1s defined by the performance of the
device 1s expanded.

EXAMPLE 7

The same calculation as that in Example 6 was carried out
when the complex index of refraction of the resist film was
1.74-0.0451. The variation 1 side wall angle 0 due to the
optical constant of the bottom antireflective layer 1s shown

in FIG. 18.

As can be seen from the comparison with FIG. 10, 1t 1s
possible to suppress the nominal dose in all common regions
of the variation range of the resist thickness ATr=210 nm 1n
Example 3, and 1t 1s possible to acquire a desired optical
constant of the bottom anfiretlective layer at the point of the
side wall angle of the pattern.

EXAMPLE 8

The same calculation as that in Example 6 was carried out
when the complex index of refraction of the resist film was
1.74-0.031. The variation in side wall angle 0 due to the
optical constant of the bottom antiretlective layer 1s shown
in FIG. 19.

As can be seen from the comparison with FIG. 12, 1t 1s
possible to suppress the nominal dose 1n all common regions
of the variation range of the resist thickness ATr210 nm 1n
Example 4, and 1t 1s possible to acquire a desired optical
constant of the bottom anfiretlective layer at the point of the
side wall angle of the pattern.

EXAMPLE 9

With respect to the dependence of the bottom antireflec-
tive layer on the optical constant (see FIG. 7) giving the
variation range of the resist thickness Alr in the variation
range of the allowance nominal dose AEop=1% when the
optical constant of the resist shown in Example 3 was
1.74-0.061, the relationship between the magnitude of A'lr
based on the maximum point and the magnitude of A'lr

based on the point of inflection was examined. This rela-
tionship 1s shown 1 FIG. 20. It can be seen from FIG. 20

that all of regions of ATr=15 nm 1n FIG. 17 are based on the
point of inflection.

With respect to the optical constants of resist film of
1.74-0.0451 and 1.74-0.031, the same study was carried out.

10

15

20

25

30

35

40

45

50

55

60

65

138

Similar to the case where the optical constant of the resist
f1lm was 1.74-0.061, the region of the variation range of the
thickness of the resist film ATr=15 nm was based on the
point of inflection.

As pomted out with respect to the problems in the prior
art, 1t 1s substantially impossible for the prior art to deter-
mine the optical constant of the bottom antireflective layer
for suppressing the variation in thickness of the resist at the
point of inflection. By using the vicinity of the point of
inflection on the curve of the variation in nominal dose,
which was one characteristic of this embodiment, 1t was
shown that 1t was possible to determine the optical constant
of the bottom antireflective layer capable of obtaining the
variation range of the resist thickness ATr which 1s the same
as that of 248 nm light described in Comparative Example

1.

EXAMPLE 10

From the results of Examples 2 through 4 and 9, when the
refractive index n' of the optical constant n'-1k' of the resist
film 1s 1.74 and the extinction coeflicient k' 1s changed, the
correlation between the range of ATr215 nm 1n AEop=1%
and the reflectance R on the interface between the resist film
and the bottom antireflective layer 1s shown in FIG. 21.

It was revealed from FIG. 21 that there was the following,
correlation between the above described interface intensity
reflectance R and the extinction k' of the resist film (optical
constant n'-1K").

0.56+13042%(")>*2R=0.07+16833x%(K')*>*

The region of the variation range of the resist thickness
ATr215 nm 1s a region where A'lr based on the point of
inflection 1s greater than ATr based on the maximum value
on the nominal dose curve with respect to the resist thick-
ness. In this region, 1t 1s possible to efficiently determine the
optical constant suitable for the bottom anfireflective layer
particularly by using the method 1n this embodiment.

While the embodiments of the present invention have
been described above, the present mvention should not be
limited to the above described embodiments and examples,
but the mnvention can be modified in various ways within the
scope thereof. In addition, while the 1dea of the nominal dose
has been used 1n the above described embodiments, the
calculation of the quantity of absorbed light or variation 1n
dimension may be substituted for the idea of the nominal
dose. If an 1dea other than the nominal dose 1s used for
carrying out calculation, the variation serving as a standard
for determining the allowable variation of the resist thick-
ness ATr may be suitably transduced from the allowable
variation range of the nominal dose.

What 1s claimed 1s:

1. A method for determining an optical constant of an
bottom antiretlective layer formed between a resist film and
an underlying substrate 1n an optical lithography process in
a process for fabricating a semiconductor device, said resist
film having an absorption coefficient ' of 1.5 ym™" to 3.0
um™" with respect to an exposure wavelength, a base of the
absorption coefficient o' being 10, said method comprising;:

expressing an nominal dose due to a variation 1n thickness
of said resist film by the sum of a monotonic increase
term and a damped oscillation term; and

selecting an optical constant of said bottom antireflective
layer so that a minimum value closing to a maximum
point mndicative of a maximum value on a curve of a
variation 1n said nominal dose on a side that the

thickness 1s larger than that at said maximum point 1s
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substantially equal to said maximum value, or so that
no maximum point exist on said curve;

whereln, expressing an exposure wavelength by A and an
extinction coefficient of the resist film by k, said
absorption coeflicient ' 1s a value having the following,
relationship with the A and the x;

f A

o = Tlmgm(exp).

2. A method for determining an optical constant of a
bottom antireflective layer according to claim 1, wherein a
difference between said minimum value and said maximum
value 15 1% or less of said maximum value.

3. A method for determining an optical constant of an
bottom antireflective layer according to claim 1, wherein
assuming that a thickness of said resist film 1s Tr and a ratio
of the circumference of a circle to its diameter 1s m, said
nominal dose 1s expressed by the following expression using
variables A, B, C, D, E and F determined by an optical
constant of said underlying substrate and said thickness Tr of
said resist film;

2
AXexp(BXTr)+ CXexp(—DXTr)X sin(? (Tr — E)].

4. A method for determining an optical constant of a
bottom antireflective layer according to claim 1, which
further comprises:

carrying out a diffusion calculation using a first electric
field intensity as an initial value therefore, said first
clectric field intensity being an electric field intensity 1n
said resist film having a desired pattern; and

calculating a second electric field intensity which 1s an
clectric field intensity which gives a desired pattern
dimension corresponding to a result of said diffusion
calculation;

wherein said nominal dose 1s calculated from said second

clectric field intensity.

5. A method for determining an optical constant of an
bottom antireflective layer according to claim 1, which
further comprises selecting said optical constant so that an
angle of a side wall of a desired resist pattern 1s in the range
from 75° to 95°.

6. A method for determining an optical constant of a
bottom antireflective layer according to claim §, which
further comprises:

connecting values equal to each other of values of said
second electric field intensity to form a curve; and

regarding said curve as a shape of a cross section of said
resist pattern to calculate the angle of the side wall of
said resist pattern.

7. A method for forming a resist pattern for use 1n an
optical lithography process for forming an bottom antire-
flective layer having an optical constant of n-1x and a
thickness d of 8.193/k [nm] on an underlying substrate for
fabrication of a semiconductor device, and for forming a
resist film on said bottom anfireflective layer, said method
comprising:

using a light source which emits rays of light having a

wavelength of 157 nm, and a resist film which has an
absorption coefficient of o' of 1.5 um™ to 3.0 um™
with respect to an exposure wavelength, a base of said
absorption coefficient o' being 10, and which contains
fluorine containing resin or siloxane resin;
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wheremn an optical constant n-1K of said bottom antire-
flective layer i1s included in a range determined by
being selected so that an nominal dose due to a varia-
tion 1n thickness of said resist film 1s expressed by the
sum ol a monotonic increase term and a damped
oscillation term and so that a minimum value closing to
a maximum point indicative of a maximum value on a
curve of variation in said nominal dose on a side that
the thickness 1s larger than that at said maximum point
1s substantially equal to said maximum value, or so that
no maximum point exist on said curve, and

expressing an exposure wavelength by A and an extinction
coelficient of the resist film by K, said absorption
coellicient o' 1s a value having the following relation-
ship with A and the «;

. 4k

@ = ——logo(exp)

8. A method for forming a resist pattern according to
claim 7, wherein a difference between said minimum value
and said maximum value 1s 1% or less of said maximum
value.

9. A method for forming a resist pattern according to
claim 7, wherein assuming that a thickness of said resist film
1s Tr and a ratio of the circumference of a circle to its
diameter 1s 7, said nominal dose 1s expressed by the fol-
lowing expression using variables A, B, C, D, E and F
determined by an optical constant of said underlying sub-
strate and said thickness Tr of said resist film;

2
AXexp(BXTr)+ CXexp(—DXTr)X Sin(F (Tr — E)].

10. A method for forming a resist pattern according to
claim 7, which further comprises:

carrying out a diffusion calculation using a first electric
field intensity as an initial value therefore, said first
clectric field intensity being an electric field intensity in
said resist film having a desired pattern; and

calculating a second electric field intensity which 1s an
clectric field intensity which gives a desired pattern
dimension corresponding to a result of said diffusion
calculation;

wherein said nominal dose 1s calculated from said second

clectric field intensity.

11. A method for determining an optical constant of an
bottom antireflective layer according to claim 7, which
further comprises selecting said optical constant so that an
angle of a side wall of a desired resist pattern 1s in the range
from 75° to 95°.

12. A method for forming a resist pattern according to
claim 11, which further comprises:

connecting values equal to each other of values of said
second electric field intensity to form a curve; and

regarding said curve as a shape of a cross section of said
resist pattern to calculate the angle of the side wall of
said resist pattern.

13. A method for forming a resist pattern using an optical
lithography process for forming an bottom antireflective
layer having an optical constant of n-1€ and a thickness d of
8.193/k |nm] on an underlying substrate for a semiconductor
device to be fabricated and for forming a resist film on said
bottom antireflective layer, said method comprising;:

using a light source emitting rays of light having a
wavelength of 157 nm, and a resist film containing a
fluorine containing resin or siloxane resin; and
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selecting an 1ntensity reflectance R on the interface
between said resist film and said antireflective layer so
as to meet the following expression, assuming that an
optical constant of said resist film 1s n'-1K';

2.06+17677x(K)>2* =R =0.01+14059x% (k") 5 5.

14. A method for forming a resist pattern used 1n an
optical lithography process for forming an bottom antire-
flective layer having an optical constant of n-ik and a
thickness d of 8.193/k [nm] on an underlying substrate for
a semiconductor device to be fabricated, and for forming a
resist film on said bottom anfireflective layer, said method
comprising:

22

using a light source emitting rays of light having a
wavelength of 157 nm, and a resist film containing a
fluorine containing resin or siloxane resin; and

sclecting an 1ntensity reflectance R on the interface
between said resist film and said antireflective layer so

as to meet the following expression assuming that an
optical constant of said resist film 1s n'-1K';

0.56413042x (k") * =R =0.07+16833x(k")*~.
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